Unconventional Magnetic Ground State in Yb 2 Ti 2 07 
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We report low temperature specific heat and muon spin relaxation/rotation (pSR) measurements 
on both polycrystalline and single crystal samples of the pyrochlore magnet Yt^T^Oy. This system 
is believed to possess a spin Hamiltonian supporting a Quantum Spin Ice (QSI) ground state and 
to display sample variation in its low temperature heat capacity. Our two samples exhibit extremes 
of this sample variation, yet our pSR measurements indicate a similar disordered low temperature 
state down to 16 mK in both. We report little temperature dependence to the spin relaxation and 
no evidence for ferromagnetic order, in contrast to recent reports by Chang et al. (Nat. Comm. 3, 
992 (2012)). Transverse field (TF) /iSR measurements show changes in the temperature dependence 
of the muon Knight shift which coincide with heat capacity anomalies. We are therefore led to 
propose that Yb2Ti2 07 enters a hidden order ground state below T c ~ 265 mK where the nature 
of the ordered state is unknown but distinct from simple long range order. 



Rare earth titanates of the form R 2 Ti 2 07 (R is a triva- 
lent magnetic rare earth ion and the Ti is non— magnetic) 
provide an excellent vehicle for the study of geometric 
magnetic frustration. The R sites within the cubic py- 
rochlore structure, with space group FdSm, reside on a 
network of corner sharing tetrahedra, with a high propen- 
sity towards frustrated magnetic interactions leading to a 
wide range of exotic low temperature magnetic states pQ . 
For example, classical spin ice materials have been theo- 
retically proposed to exhibit monopole-like quasiparticle 
excitations [2]. 

Spin ices such as Dy 2 Ti 2 07 have been extensively stud- 
ied and are relatively well understood Q] . Recently, a new 
direction that has received much interest is that of "quan- 
tum spin ice" , where quantum fluctuations may elevate 
the classical spin liquid state of spin ice to a full blown 
quantum spin liquid. A possible candidate for a quantum 
spin ice is Yb 2 Ti 2 07, which does not exhibit the gradual 
spin freezing and residual low-temperature entropy of a 
classical spin ice However, the nature of its ground 
state is currently under much debate, with some recent 
experiments reporting a ferromagnetic low temperature 
state [H [5] , while others show a dynamic ground state 
with no long range order [5H2]. Despite this, the micro- 
scopic Hamiltonian for Yb 2 Ti 2 07 appears well described 
by a pseudospin— 1/2 quantum spin ice model [3| rTUj. fTTj . 

Previous zero field (ZF) ^SR 0Q2] performed on poly- 
crystalline Yb 2 Ti 2 07 showed no evidence of long range 



magnetic order below the sharp specific heat transition 
at ^240 mK, rather they reported a Yb 3+ spin fluc- 
tuation rate drop of approximately 4 orders of magni- 
tude [T3]. Mossbauer absorption spectra by the same 
group also indicated a first order magnetic transition, 
but could not give information about the microscopic 
nature of the ground state. Neutron scattering experi- 
ments show evidence for both an ordered ferromagnetic 
ground state [H [5], and a dynamic magnetic ground 
state, with only short range (3D) spin correlations [3 [9]. 
Ross et al. |9] report rods of magnetic scattering 
along the (111) directions, characteristic of short range 
two-dimensional (2D) correlations above 400 mK. Below 
400 mK, the rods begin to coalesce and build up inten- 
sity near the Q = (1, 1, 1) Bragg peak, interpreted [TU] as 
a cross-over to short range three-dimensional (3D) mag- 
netic correlations, but clearly lacking long range order. 
Inelastic neutron scattering at 30 mK in these same stud- 
ies shows only diffuse quasielastic scattering, and no ev- 
idence of sharp spin waves, again consistent with a dy- 
namic disordered ground state. In contrast with Ref. |7J, 
Chang's polarized neutron scattering results [4] show 
suppression of the (111) scattering rods into full magnetic 
Bragg peaks in a first order manner below T^210 mK. 

Recent evidence suggests that, like other geometrically 
frustrated magnets such as Tb 2 Ti 2 07 [14], Yb 2 Ti 2 07's 
ground state may be sensitive to small amounts of 
quenched disorder and non-stoichiometry at the ~1% 
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level, with several reports of sample variation of the 
strong heat capacity anomaly near ~260 mK and be- 
low jTJ [El [16] . Variation of the heat capacity is observed 
between samples, both poly— and single— crystalline, and 
the largest heat capacity anomaly appearing at the high- 
est temperature could be taken as a figure of merit for 
the sample quality. To date, this anomaly is seen to be 
sharpest in polycrystalline samples that were prepared 
by the method outlined in Ref. [IS] . 

Neutron diffraction studies [15: have shown that a sin- 
gle crystal of Yb 2 Ti 2 07 grown using the optical float- 
ing zone technique is weakly "stuffed" , with stoichiome- 
try Yb 2 (Ti 2 -xYb a; ) 7 _ x / 2 where x -0.046, or 2.3% ex- 
tra Yb 3+ ions reside on the nonmagnetic Ti 4+ sublat- 
tice. Meanwhile, polycrystalline samples prepared by the 
method in Ref. [IS] are not stuffed (x=0). These defects 
are proposed [T5] to contribute to the variation in mag- 
netic ground state properties, and therefore the variation 
in the heat capacity observed in different samples. 

In this letter, we study two samples of Yb 2 Ti 2 07 with 
very different low temperature heat capacities, shown in 
Fig.JT] One is a polycrystalline sample with a sharp, large 
heat capacity anomaly at relatively high T c — 265 mK, 
while the other is a single crystal sample which displays 
a broad anomaly at T c — 185 mK, with a peak amplitude 
20 times smaller than that of the polycrystalline sample. 
For comparison, we also show the specific heat measure- 
ments reported by Chang et al. for the single crystal 
used in their neutron study @], Dalmas de Reotier et al.'s 
polycrystalline sample used in a previous /iSR study [6] 
and Ross et al.'s polycrystal used in Ref. [7]. Based on 
our specific heat data, we would expect our single crystal 
to have a relatively high degree of stuffing as the spe- 
cific heat peak is pushed down to ~185 mK. Our poly- 
crystalline sample shows a sharp temperature peak, from 
which we infer that it should be closer to balanced stoi- 
chiometry (x f»0). Remarkably, the /iSR measurements 
we report show little difference between the two samples 
at low temperatures, and both the single crystal and our 
high quality polycrystalline sample are shown to remain 
disordered and dynamic to the lowest temperatures mea- 
sured. 

We prepared polycrystalline pellets of Yb 2 Ti 2 07 by 
mixing stoichiometric quantities of Yb 2 03 and Ti0 2 , 
isotropically pressing at 60 MPa then sintering at 1200 °C 
for 24 hours. We then grew single crystal Yb 2 Ti 2 07 
from some of the polycrystalline material using the op- 
tical floating zone crystal growth method in 2 ATM of 
2 as described in [T7]. SQUID measurements of the de- 
magnetization above 2 K confirm Curie- Weiss behavior 
with overall weak ferromagnetic interactions, Ocw=0.4 
K, similar to values reported by previous studies [T8|I19|. 

Weak longitudinal field (LF) fiSR spectra are shown for 
T=l K and 16 mK in Fig. [2] for both single crystal and 
polycrystalline samples. Calibration spectra using trans- 
verse counters show that the applied field is H<0.5 mT. 
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FIG. 1. Low T specific heat measurements of Yt)2Ti207 on 
a semi— logarithmic scale. The red and blue curves represent 
samples used for this work. Our polycrystalline sample ex- 
hibits a sharp transition at ~265 mK, and our single crystal 
shows a broad peak at ~185 mK. The black data is taken 
from Chang et al.'s [4] single crystal, and the green is the 
sample 13 a used for Hodges et al.'s /iSR measurements. The 
orange points are taken from Ross et al 0- 
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FIG. 2. A comparison of the weak LF (less than 0.5 mT) 
data for polycrystalline and single crystal Yb2Ti207. Asym- 
metry spectra (shown in (b) and (c)) were fit with a single 
exponential decay with a globally fixed asymmetry for all T. 
Plot (a) shows the temperature dependence of the relaxation 
rate. 



We confirmed that the longitudinal relaxation rate did 
not vary with the size of the weak applied field (up to 
at least ^2 mT) indicating that the small field does not 
affect the dynamics of the Yb 3+ moments, although it 
does serve to decouple any static nuclear dipole relax- 
ation from any stray muons landing in the cryostat tails 
or sample holder [2"U] . 

We find that the entire muon polarization signal re- 
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laxes with a simple exponential decay and a weak relax- 
ation rate that is only slightly temperature dependent, 
as shown in Fig. [2] No oscillatory component or rapid 
relaxation that would be observed from an ordered state 
is present down to 16 mK for either sample. The random 
orientations of crystallites in the polycrystal and the cu- 
bic symmetry giving three equivalent (111) directions in 
the single crystal preclude the possibility of a static local 
field soley along the initial muon polarization direction 
(where muon precession would not be observed) [21] . In 
marked contrast to the results presented in [5], we ob- 
serve no fast relaxing component for either of our sam- 
ples at any temperature, including below the transitions 
observed in the specific heat. This behavior allows us to 
conclude that the Yb 3+ spins are in the fast fluctuating 
(narrowing) regime, with an absence of long range mag- 
netic order or even static internal magnetic fields such 
as would be present in a spin glass system at low tem- 
perature. The relaxation rate does increase somewhat 
with decreasing temperature, indicating a gradual slow- 
ing down of Yb 3+ spin fluctuations; however they remain 
rapidly fluctuating down to 16 mK. 

To further characterize the Yb 3+ spin system, we per- 
formed transverse field (TF) /iSR measurements to probe 
the local spin susceptibility, applying H=50 mT perpen- 
dicular to the initial muon spin polarization, which was 
rotated 90° relative to the LF measurements. For the 
single crystal Yb2Ti 2 0y, the field was applied parallel 
to [111] . H=50 mT is small enough not to induce a 
magnetically ordered state along [110], and likely also 
[111] [3 EJ. Fig. [3] shows Fourier transfer ms of time 
spectra measured at T=50 mK, which exhibit a number 
of resolved lines for each sample. The positively charged 
muon's site in materials is determined by electrostatic in- 
teractions, with muons in Yb2Ti2 07 most likely to reside 
near O 2- ions 2(>. There are two crystallographically 
inequivalent O 2- ions in the pyrochlore structure, both 
of which could provide muon sites. The application of 
an external magnetic field along a specific (in this case 
a [111]) axis makes several crystallographically equiva- 
lent sites magnetically inequivalent and can therefore in- 
crease the multiplicity of muon precession frequencies. 
The splitting of each line from the frequency correspond- 
ing to the applied field reflects the local (anisotropic) 
susceptibility of that particular muon site. The poly- 
crystalline sample exhibits fewer lines, though they are 
broader in frequency as a result of the powder averag- 
ing of the anisotropic shifts of different crystallographic 
sites. After examining the Fourier transforms we chose 
to fit the time spectra to Eq. [T] with n = 3 (polycrystal) 
and n = 4 (single crystal), fixing the amplitudes of the 
individual components at all temperatures for each sam- 
ple to values obtained from simultaneous global fits over 
a range of temperatures. Typical fits are shown in the 
insets of Fig. [4] (a) and (b) for the polycrystal and single 
crystal samples respectively. 
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FIG. 3. Fourier Transform of /iSR asymmetry spectra in a 
transverse field of 50 mT at T=50 mK. The single crystal 
Yb2Ti2C>7 shows 4 resolvable frequencies (red) and the poly- 
crystalline Yb2Ti2C>7 shows three (black). This motivates 
n — 4 for the single crystal and n — 3 in the polycrystalline 
Yb2Ti2C>7 for Eq. (1). The sharp signal at approximately 7 
MHz for both samples reflects the precession of the muons in 
the Ag cryostat tails. 

We show the results of this analysis for the frequen- 
cies of each component in Fig. |4j The highest frequency 
component (labeled in grey) for each sample exhibits 
no temperature dependence. We ascribe this signal to 
muons landing in the silver sample holder which pro- 
vides a useful reference signal for determining the muon 
Knight shift. The frequencies originating in the sam- 
ples all show a strong temperature dependence as shown 
in Fig [4j We parametrized the Knight shifts of these 
signals referenced to the silver signal by fitting them to 
a Curie- Weiss temperature dependence in the temper- 
ature range 400 mK < T < 3.5 K. We used a com- 
mon "Curie- Weiss temperature" (Tq W ) for each signal 
which was allowed to vary between samples. The result- 
ing frequencies obtained from these fits of the Knight 
shifts are indicated by the black solid lines in Fig. |4j; 
for both samples T£ w = —1.3 ±0.5 K, which is con- 
siderably below the value (9cw=+0-4 K) we obtain at 
higher temperatures (above 2 K) in dc-magnetization. 
For both samples we see a strong deviation from this 
parametrized Curie— Weiss behavior below the tempera- 
ture corresponding to the onset of the specific heat phase 
transition, indicated by arrows in Fig. |4j This devia- 
tion indicates that there is a marked change in the muon 
Knight shift (which reflects the local spin susceptibility 
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and Yb 3+ -muon hyperfine coupling) onsetting at about 
the thermodynamic phase transition and that this occurs 
in both samples. 
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FIG. 4. The Yb 3+ spin susceptibility characterized by TF= 
50 mT /iSR measurements of (a) polycrystalline and (b) sin- 
gle crystal Yb2Ti2C>7. For the single crystal Yb2Ti207 the 
initial muon polarization points perpendicular to the TF field 
which was applied parallel to [111]. There are two distinct 
muon signals from the polycrystalline sample, and three from 
the single crystal sample. The arrows show the approximate 
temperature of the onset of the transition observed in the spe- 
cific heat. The solid black lines represent Curie— Weiss fits, 
as described in the text. The insets show asymmetry spectra 
(black) and fit to Eq.l (red). 

The similarities of our data between the polycrystalline 
and single crystal samples is surprising considering their 
very different specific heat signatures indicating a wide 
range of stuffing [15] . It is also surprising that we see no 
evidence for the dramatic first-order-like change in the 
spin fluctuation rate that was previously reported [5J. 
This difference is apparent in the raw data and is evi- 



dence of a sample dependence between those studied by 
Hodges et al. and this work which must go beyond the 
differences in stuffing between our polycrystal and single 
crystal samples. Our results suggest that from a local 
microscopic point of view, the magnetic ground state is 
to a large extent insensitive to to some aspects of sample 
variation, and that a sharp specific heat transition does 
not signify magnetic order. 

Our weak LF measurements, shown in Fig. [2] exhibit 
a weakly temperature dependent spin fluctuation rate to 
the lowest temperatures studied. Many frustrated py- 
rochlore systems exhibit a substantial, largely tempera- 
ture independent LF/ZF relaxation [501152 [53] which al- 
though often seen in frustrated or low-dimensional mag- 
netic systems have not yet been explained 20 . A recent 
proposed explanation for these apparent persistent spin 
dynamics in terms of quantum diffusion of muons sug- 
gested for Dy 2 Ti 2 07 [53] is untenable here (and likely in 
that case as well as we would expect similar muon diffu- 
sion behaviour in the two systems). If muons were mo- 
bile in Yb 2 Ti 2 07, then they would move between differ- 
ent possible magnetically inequivalent sites which would 
broaden all of the individual TF lines in Fig. 3 into one, 
which clearly does not occur. Furthermore, we can ex- 
clude a "muon impurity" effect in which the presence of 
the muon would locally destroy the magnetic behaviour, 
since our TF-/1SR measurements are clearly sensitive to 
the transition which strongly affects the muon Knight 
shift. 

Yb 2 Ti 2 07 exhibits a clear phase transition evidenced 
by specific heat measurements, however the ground state 
is not magnetically ordered. This leaves the nature of the 
low temperature state unresolved, although we do know 
that it involves a change of the local spin susceptibil- 
ity and/or hyperfine coupling. This behavior recalls that 
of the moderate heavy fermion system URu 2 Si 2 which 
has thermodynamic phase transition at 17.5 K to a so- 
called "hidden-order" state [55] without magnetic order, 
whose order parameter remained unknown for more than 
20 years of detailed study. In the case of URu 2 Si 2 , re- 
cent studies 26--28J indicate the phase transition orig- 
inates from a change in the hybridization between the 
localized electronic states associated with the uranium 
atoms and the conduction band, as it enters the heavy 
fermion state. While such a mechanism could not oc- 
cur in insulating Yb 2 Ti 2 07, we are still left with a ther- 
modynamic phase transition with an unidentified order 
parameter. Numerous exotic ground states have been 
proposed _2S] for spin- 1/2 pyrochlore systems including 
quantum spin liquid (QSL) and Coulomb ferromagnet in 
addition to antiferromagnetic and ferromagnetic order. 
Another possibility which could be considered is a va- 
lence bond solid (VBS). Of these states, the QSL and 
VBS would have no static magnetic moments consistent, 
with our results. However, it is unclear whether or how 
the known Hamiltonian for Yb 2 Ti 2 07 could give rise to 
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either of these states. Which of these phases or perhaps 
other more exotic states is realized in Yb^T^Oy remains 
to be seen. 
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